Thermal analysis of orthogonal cutting of cortical bone using finite element simulations
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Introduction
Cutting of bones for orthopaedic and dental purposes has been a common practice for decades. It is a major part of bone surgery during preparation for insertion of a fixative orthopaedic implant such as a nail, screw or wire or before insertion of a bone graft to enhance bone healing. The number of patients suffering from osteoarthritis in an average population ranges from 12% to 20% of the total number and is expected to increase rapidly with the increasing aging trends in developed countries (Sugita et al., 2009) . Temperature rise in bone cutting may cause tissue thermal damage (necrosis). Since thermal necrosis generally has a negative impact on the outcome of a cutting procedure, it is important to keep bone temperature below the threshold value above which the thermal necrosis is induced. Pallan (1960) has shown that necrosis breaks down the bone around the implantation site leading to the loosening of fixtures (screws, pins) and can dramatically weaken the whole structure.
Hence data on temperature increase in the bone material during cutting is important for investigating and improving the current surgical procedures. However, studies describing the depth from the cut site at which bone tissue necrosis may occur are limited in the amount of information.
Researchers have developed several techniques to assess temperatures during highspeed cutting processes such as drilling. Some of these techniques are bone embedded thermocouples, tool embedded thermocouples and infrared photography. Drilling temperatures were measured in human and bovine cortical bone by placing a thermocouple inside a 3.2 mm diameter drill bit close to its cutting edge (Hillery and Shuaib, 1999) . It was found that speeds of 800-1400 rpm provided the best cutting conditions and maintaining temperatures at a manageable level with feed rate up to 50 mm/min. The detailed description of measuring temperature in bone drilling using thermocouples inserted into the bone can be found in Krause et al., 1982; Abouzgia and James, 1997) . Another study of temperature in drilling of bovine mandebular bone was conducted using Thermovision 900 system in (Benington et al., 1996) . Thermal pictures were recorded surrounding the drilling areas without irrigation as infrared can not pass through water. The thermal camera was focused on the freshly milled surface behind the end mill.
Optimization of cutting parameters is necessary to evaluate thermally induced damage which will improve bone-implant/screw interfacial strength. Presently, this requires expensive experimental equipment and additional safety measures to protect from biohazards. Finite element modelling (FEM) of bone cutting could be an important extension to, and possible substitute for, experimental work as it eliminates equipment costs as well as potential health risks associated with biological materials. Modeling bone cutting using FEA may be useful for validation of experimental or analytical results and can be considered as a promising and reliable tool for the development of new surgical techniques within the near future. However, despite the capabilities of FEA in modeling various materials, it has only a few application in the area of biomechanics particularly in cutting of biomaterials. In fact, finite element studies describing thermo-mechanics of bone cutting have not been reported in the literature to date.
Bone is of composite nature where osteons run parallel to the bone longitudinal axes in the interstitial bone. The material and structural complexity of bone is the main difficulty preventing bone cutting from being modelled with FEA.
In this paper, the influence of cutting parameters on the temperature rise in the bone material and the effect of cooling on cutting temperature were studied. The depth of thermal necrosis (DTN) was calculated as a distance from the cut surface where the thermal threshold level was reached. DTN was analysed and plotted as a function of cutting velocity, depth of cut (DOC) and bone thermal properties. The FE model was validated by temperatures measured in bone drilling experiments.
Finite element model
The MSC.Marc general FE code [Marc, 2007] was used in the development of a twodimensional FE model of bone cutting. A 2 mm × 1 mm rectangular fragment of the bone was modelled. This fragment (called the workpiece below) was modelled with four-node, isoparametric, arbitrary quadrilateral elements and assuming plane-strain conditions. Frequent remeshing was applied to avoid convergence issues associated with highly distorted elements.
The cutting tool was modelled with rigid lines as the stiffness of the tool material was much greater than that of the bone. A geometric representation of the FE model is shown in Figure   1 . 
Material data
The bone tissue is a heterogeneous material with complex multi-level microstructure that was approximated in this paper with an equivalent homogeneous material (EHM). A middiaphysis of a fresh bovine femur (aged 3-4 years) was used in material data acquisition for the FE model. Bovine bone was used as according to Vasishth (2000) , its mechanical, fracture and thermal properties are similar to those of a human bone.
In cortical bone, osteons (fibres) are imbedded into an interstitial bone (matrix).
Nanonindentation tests were carried out on osteonal and interstitial bone to study the difference between their elastic moduli and their area ratios. A microscopic image 1 mm × 1 mm of bone cross section was taken and the ratio of the osteonal area to the interstitial bone was found. The rule of mixtures was used to calculate the effective elastic modulus of the equivalent homogeneous material. The calculated effective elastic constant (see Table 2 ) was incorporated into the FE model.
The Johnson-Cook (JC) material model that accounts for the strain rate sensitivity was utilised for the bone tissue in the current paper. The JC material model was previously successfully applied for modeling bone cutting and is given by
where A , B, C and n are constants and p ε and ε are the plastic strain and strain rate, respectively. Temperatures effects on bone properties were ignored at this stage of investigations due to the unavailability of reliable data.
In order to investigate the strain rate dependency of cortical bone, the following experiment has been conducted. Thirty dogbone-shaped specimens were extracted from the mid-diaphysis of bovine femur. The specimens were tested for three strain rates between 0.00001 s -1 to 1 s -1 with 10 samples for each strain rate. It was concluded that the yield stress was strain-rate dependent and that the rate effects at strain rates higher than 1 s -1 can be neglected. The JC constants were then calculated by fitting the equation into the stress-strain graphs for different load rates obtained from our experimental tensile tests on the bone. The JC parameters used in the simulations are given in Table 1 . The effective elastic modulus along with the published data on the bone properties used in the model are provided in Table 2 . 
Process parameters
Mechanical drills are the most common tools used in bone surgery. The drilling process has a very complex geometry, but it may be approximated as a 2D orthogonal cutting process at the outer corner of the cutting lip (Ozcelik and Bagci, 2006; Dolinsek, 2003) . Although the cutting action in drilling and orthogonal cutting is different, the basic mechanism of chip removal is the same and thus the theory for orthogonal cutting is still applicable. The schematic of this approximation is shown in Figure 2 . (Huiskes, 1980) The heat generation in cutting processes are strongly dependent on the physical and chemical properties of the material, cutting conditions and the cutting tool geometry. The regions where heat is generated during the orthogonal cutting process are shown in secondary deformation zone where additional deformation and sliding friction takes place at the tool/chip interface contact, and (C) tertiary deformation zone which is produced due to the rubbing contact between the tool flank face and the newly machined surface of the work piece.
Figure 3 A scheme of the heat zones in orthogonal cutting: (A) primary deformation zone, (B) secondary deformation zone, and (C) tertiary deformation zone
The diameter of the drill used in orthopaedic bone drilling is generally 2-4 mm and its rotational speed is from 1000 rpm to 3000 rpm. These parameters are widely reported in literature for drilling of bones (Hillery and Shuaib, 1999; . The range of tool cutting speeds (V c ) considered in this paper was calculated as a conversion of the rotational speed at the outer corner of a 4 mm diameter drill into the linear one for the drill speed up to 3000 rpm using Equation 2.
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where V c is the linear cutting speed, N is the rotational speed in rpm and D is the diameter of the drill. As the exact frictional condition between the tool and bone was unknown, the value of friction coefficient (0.35) was taken from (Huang et al., 2003) due to the similarity in the chip formation behaviour between bone and wood. The value of the cutting edge angle and rake angle of an orthopaedic drill were measured and found to be 60 o and 20 o , respectively, and were used in modeling of the cutting tool. The nose radius of the sharp edge of the tool was measured approximately as 10 micrometers based on a microscopic image. The maximum value of depth of cut (DOC) of 0.3 mm was chosen in simulations because above this value the generated chips in our bone plane cutting experiment were no longer continuous. The normal core body temperature of a healthy, adult human being is stated to be at 37°C. Hence in all simulations, the initial temperature of work piece was assigned 37°C to mimic in vivo bone temperature. The cooling environment was modelled by applying a convective heat transfer coefficient (h) of the physiological saline solution commonly used in bone surgeries. In this study, convective heat transfer coefficient of a saline solution as measured in (Tangwongsan, 2003) for an average flow rate of 1000 ml/min was used in simulations. Cutting parameters used in simulations are provided in Table 3 . 
Analysis of cutting temperatures
To study the effect of different processing parameters on cutting temperatures, a series of simulations were conducted. Fully thermo-mechanically coupled FE model was produced that allowed the study of temperature rise in the bone material. Simulation parameters, such as cutting velocity, DOC and cooling conditions were changed to observe their effect on temperature rise. Low level fluctuations were found in temperature values in chip due to remeshing and were smoothed in the results. The FE model presupposed formation of the continuous chip, which is in a good agreement with the results of our high-speed filming experiments of bone drilling and other results reported (Naohiko et al., 2006; Mitsuishi et al., 2004 ). After reaching the saturated level when the chip was fully generated (when the toolchip contact length reached a constant value), the temperature stayed constant for the remaining length of cut. The temperature rise was due to the rate of deformation as well as to the friction . between the tool and the workpiece material. The calculated temperature distributions at various regions for the condition when the chip was fully developed are shown in Figure 4 .
The heat was produced in three regions (see Figure 3) . The highest proportion of heat was produced in the chip (in primary and secondary deformation zones); however the chip was considered to be no more part of the bone and its temperature was ignored. Instead, the temperature produced in the workpiece material near the flank of the tool (see a zone indicated by an arrow in Figure 4 ) was considered for the analysis.
Investigation of Necrosis Threshold Level (NTL)
The average temperature at which the necrosis most likely appeared was reported at a threshold around 50-70°C (Moritz and Henriques, 1947; Lundskog, 1972; Eriksson and Albrektsson, 1983; Frolke et al., 20001) . In this study, a threshold level for thermal necrosis was taken as 70°C as reported in (Moritz and Henriques, 1947) . The value on the ordinate, ΔT of the subsequent plots in Section 3, represents the rise in temperature in bone material above 37°C.
Temperatures vs. tool speed
The effect of cutting speed on the temperature rise in the bone material was investigated. The tool penetrated into the material and the chip started separating and sliding along the tool rake. Higher velocities developed the chip quickly and hence the temperature increased faster too. The effect of tool velocity on the temperature calculated in the workpiece material adjacent to the tip of the tool and with no cooling environment is shown in Figure 5 . A temperature rise with increase in cutting velocity was due to the increase in the rate of deformation. For the material properties used in the model, the thermal necrosis threshold level was registered at the cutting speeds of 400 mm/s and 600 mm/s.
Figure 5
Effect of cutting speed on temperature evolution in bone, DOC=0.2 mm, h=0, bone initial temperature is 37 o C (NTL -necrosis threshold level)
Effect of cooling (irrigation)
In orthopaedic bone cutting, the bone is irrigated by a saline solution as a coolant to maintain the temperature at a controlled level. The effect of cooling on the maximum temperature in bone was studied and, not surprisingly, a significant decrease in temperature was achieved when the irrigation environment was employed as shown in Figure 6 . Without cooling, thermal necrosis was found for the range of cutting speeds
Figure 6
Effect of cutting speed on temperature with (h=8000 W/m 2 K) and without cooling (h=0), DOC -0.2 mm (NTL-Necrosis threshold level) above 300 mm/s. In comparison, a calculated rise in temperature did not reach the necrotic level for the cutting speeds below 550 mm/s when the cooling condition was applied. A similar influence of cutting speed on material temperatures in bone was briefly discussed in (Hillery and Shuaib,1999) .
Effect of Depth of Cut (DOC)
To investigate the effect of DOC on bone temperature, simulations were run using a constant cutting speed, 400 mm/s. The cutting speed was arbitrarily choosen and was not changed to calculate the effect caused by DOC only. It is evident from the results in Figure 7 that the temperature increased parabolically with increasing DOC. The slope of the curve, slowly decreased with increasing DOC. This can be related to the increase in frictional effects (increase in chip-tool contact length along the rake face) for higher DOC. For the material properties used in simulations, thermal threshold level (NTL) was calculated when the DOC was above 0.125 mm for the condition when no cooling was applied. Increasing DOC above 0.2 mm did not result in a significant temperature growth which was due to the fact that the temperature increased more in the secondary deformation zone (labelled B in Figure 3 ) due to the increased contact length between the tool and workpiece. 
Investigating depth of thermal necrosis (DTN)
Maximum temperature in the bone material was found in the chip region adjacent to the tool rake and near the flank of the tool. Heat generated beneath the cutting edge caused the temperature to rise below the freshly cut surface near the tool flank (see figure 4) . 
Effect of bone thermal properties on DTN
Thermal properties of the bone material which influence cutting temperatures include the thermal conductivity and heat capacity. A temperature rise in the machined material generally decreases as these parameters increase. Bone thermal conductivity and heat capacity vary significantly among individuals and it is important to investigate their effect on DTN.
Simulations were performed in which the thermal conductivity and heat capacity were each varied from -20% to +20% of their nominal values given in Table 2 . The ranges of thermal conductivity (0.45 -0.67 W/mK) and heat capacity (2.29×10 6 -3.43×10 6 J/m 3 K) were used in simulations. According to the simulation results in Figure 9 , thermal conductivity had a negligible effect on DTN, while a 20% increase in heat capacity resulted in a 46% decrease in necrosis penetration. A similar effect of the described properties on the necrosis propagation in bone drilling was reported in [Davidson, 2003] . 
Specimen preparation for drilling
Drilling tests were carried out on a bovine femur. The bone used in drilling experiments was taken from the same animal and anatomical location as that investigated in the material data acquisition tests. The bone was obtained from a local butcher where it had been boned (meat removed) and was stored frozen at -10 o C before the experiment. The maximum period of storage prior to experiment was one week. Periosteum was removed from the outer surface of the bone specimen as it caused the drill flutes to clog. The middle-diapysis was cut from the femur having an average thickness of the cortical wall of 10 mm.
Experimental equipment
Drilling tests were performed using a vertical drilling machine. Standard K type insulated thermocouples with the wire diameter of 127 μm were used for temperature measurements. 
A comparison of experimental and finite element results
The rotational speed of the drill at the outer corner was converted into linear one using Equation 1 and the latter was used in simulations (see Table 4 ). 
Conclusions
Research into the bone cutting temperature is crucial, in addition to a study of the accuracy of the shape of the cut which may affect the strength between the bone and fastening components and the level of cutting force to allow smooth penetration. A thermomechanically coupled two-dimensional finite-element model of bone cutting was developed to simulate temperatures during the high-speed cutting process. The model allowed the study of chip formation and predictions of temperature rise in the bone material. The model is fully parametric and can simulate the cutting process for various cutting parameters, such as cutting speed, tool geometry and cooling conditions. Higher cutting speeds were observed critical in inducing thermal necrosis of bone tissue. A saturation in temperature was not observed for the range of cutting speeds studied in the paper and may be confirmed by complementary experimental tests. By inducing a coolant conditions in simulations, it was possible to increase the allowable level of cutting speeds that did not induce temperatures over the necrosis threshold by 67 %. In the presence of adequate cooling conditions, cutting speeds up to 550 mm/s may be used without the risk of inflicting thermal injury to the bone tissue. This cutting speed correspond to a drilling speed of approximately 2600 rpm for a drill of 4 mm diameter. The temperature rise and necrosis penetration were noted to have been affected by cutting speed, DOC and bone thermal properties. Appropriate control of such factors will allow to prevent the thermal necrosis and hence enable bone regeneration and its stronger attachment to the implants. Currently our finite element model rely on the bone thermal properties reported in the literature and need to be obtained experimentally for the same bone used in the experiments in future. To sum up various findings, it is evident that the subject of bone necrosis is a complex one, and the debate continues on how the results of such studies should be reflected in clinical practice.
